A solgel-derived carboxyl-functionalized lamellar-type silsesquioxane was prepared to investigate its potential for use as a host material for intercalation reactions with n-alkylamines and alkylene diamines. Upon intercalation of n-alkylamines and alkylene diamines, the interlayer distances increased as shown by X-ray powder diffraction patterns, and IR spectra showed the presence of absorption bands attributable to¯(COO ¹ ) and ¤(NH 3 + ) modes. The amounts of intercalated n-alkylamines were determined from n-C n H 2n+1 NH 2 /COOH molar ratios which, based on CHN analysis, exhibited values from 0.76 to 0.88; whereas the values determined for the alkylene diamines were 0.83 (NH 2 C 4 H 8 NH 2 ), 0.45 (NH 2 C 8 H 16 NH 2 ) and 0.33 (NH 2 C 12 H 24 NH 2 ). These results show that intercalation of n-alkylamines and alkylene diamines into lamellar-type silsesquioxane bearing carboxyl groups proceeded successfully via acid-base mechanisms.
Silsesquioxanes (SQs), which have organosiloxane networks consisting of repeating units of RSiO 1.5 , have attracted interest in various research fields because of their interesting physical and chemical properties. 1) SQs exhibit a wide range of diverse structures, including random structures, cage structures, lamellar structures and incompletely condensed cage structures. Lamellartype silsesquioxanes (LSQs) are synthesized by hydrolysis and polycondensation of organotrialkoxysilane precursors.
2) Organic groups can be introduced by designing starting organotrialkoxysilane precursors. So far, LSQs bearing carboxyl groups, 3) amino groups 4) and thiol groups 5) have been reported. An LSQ bearing carboxyl groups was synthesized upon hydrolysis and polycondensation of a precursor cyanopropyltriethoxysilane in 9M H 2 SO 4. The conversion from cyano groups to carboxyl groups in the LSQ occurred during the hydrolysis by thermal treatment, and a lamellar structure was formed spontaneously by self-assembly via hydrogen bonding of the carboxyl groups. Since intercalation reactions are known to occur in some inorganic layered compounds, 6 ) the introduction of ammonium ions into the layered structure formation process 7) and intercalation reactions of Fe , Yb 3+ ) 8) have been achieved for the LSQ with carboxyl groups. Intercalation reactions of organic compounds in the interlayer space of LSQs have not been reported so far, however.
Inorganicorganic hybrids prepared by incorporating organic compounds into inorganic materials are attracting increasing attention, since additional properties based on synergetic effects can be expected in addition to the properties of both inorganic matrices and organic components. Since intercalation of organic molecules to layered inorganic materials allows unlimited expansion of their interlayer distances, 9) intercalation is a powerful tool for the preparation of various inorganicorganic hybrids. Encapsulation of functional ions and molecules in layered compounds is an effective immobilization method. 6),10) Incorporation of specific guest species and stimuli-responsive release can be employed in applications, including separation 11) and drug delivery system. 12) Although possible intercalated guest species for conventional layered materials depend on the interlayer environments determined by the inorganic layer compositions, the interlayer environments of LSQs can be controlled by designing the organic groups in organotrialkoxysilane precursors for the intercalation of various types of guest species. Thus, the design of LSQ structures for intercalation purpose is an important strategy of developing inorganicorganic hybrids.
In this study, intercalation reactions were conducted for a carboxyl-functionalized lamellar-type silsesquioxane [SiO 1.5 (CH 2 ) 3 COOH] prepared from cyanopropyltriethoxysilane via a solgel process and subsequent hydrolysis of the cyano groups. Since n-alkylamines and alkylene diamines (or their protonated forms) are typical guest species in intercalation chemistry, n-C n H 2n+1 NH 2 (n = 4, 8, 12) and NH 2 (CH 2 ) n NH 2 (n = 4, 8, 12) were employed as guest species. The resultant products were characterized to investigate the reaction mechanisms and arrangements of guest species in the interlayer space.
Cyanopropyltriethoxysilane was added to 9M H 2 SO 4 at 150°C for 24 h to synthesize SiO 1.5 (CH 2 ) 3 COOH (LSQCOOH).
3)
The resultant wet gel was washed with acetone, ethanol and diethylether and dried at 120°C for 24 h under reduced pressure. The XRD pattern of the resultant product showed two reflections at d = 1.35 and 0.42 nm due to the interlayer distance of LSQ COOH and the packing of alkylene chains, respectively. The 13 C CP/MAS NMR spectrum showed a signal attributable to the carbon atoms of the carboxyl groups at 178 ppm and signals due to the carbon atoms of the (CH 2 ) 3 groups at 19, 27 and 35 ppm (Fig. S1 ). The 29 Si CP/MAS NMR showed a main signal due to a T 3 environment at ¹69 ppm with a weak T 2 signal at ¹53 ppm (Fig. S2) . These results indicated that LSQCOOH was successfully synthesized.
For intercalation reactions with n-alkylamines and alkylene diamines, n-C n H 2n+1 NH 2 and NH 2 (CH 2 ) n NH 2 (n = 4, 8, 12) were used as the guest species, respectively. One of guest species was dissolved in n-heptane, and subsequently LSQCOOH was dispersed in the solution. The dispersion was then heated in an ampoule at 55°C for 3 days in the case of n = 4, and at 85°C for 3 days in the case of n = 8, 12. After centrifugation, the crude products were washed with acetone and hexane three times and dried under reduced pressure. The washed products using nalkylamines and alkylene diamines were abbreviated as LSQ COOH_C n N and LSQCOOH_C n N 2 , respectively. X-ray diffraction (XRD) patterns were obtained with a Rigaku RINT-2500 (Ni-filtered Cu K¡ radiation diffractometer). Infrared (IR) spectra were recorded on a FT-IR-460 Plus spectrometer using the KBr disk method.
Firstly, we investigated the reactions between LSQCOOH and n-alkylamines. The interlayer distance increased from 1.37 to 1.53 nm (as for LSQCOOH_C 4 N), 2.34 nm (LSQCOOH_C 8 N) and 3.03 nm (LSQCOOH_C 12 N) (Fig. 2) . The value of the interlayer distance became larger as the alkyl chain length of the n-alkylamine increased.
IR spectra of the products of the reactions between LSQ COOH and n-alkylamines are shown in Fig. 3 . The IR spectra showed absorption bands attributable to¯(COO ¹ ) at around 1560 and 1400 cm ¹1 and bands attributable to ¤(NH 3 + ) at around 1640 and 1470 cm ¹1 . 13) These results suggest that intercalation of nalkylamines proceeded successfully via an acid-base mechanism.
The amounts of n-alkylamines were estimated based on the CHN analysis results shown in Table 1 . The estimated amounts of n-alkylamines (n-C n H 2n+1 NH 2 /COOH molar ratios) were 0.87 (LSQCOOH_C 4 N), 0.88 (LSQCOOH_C 8 N) and 0.76 (LSQCOOH_C 12 N), indicating the presence of similar amounts of n-C n H 2n+1 NH 2 .
The conformation of the intercalated n-alkylammonium ions was estimated from the amounts of the introduced guest species as well as from XRD and IR results. Since the relative amounts of introduced guest species were similar with respect to the host, LSQCOOH, the interlayer distance d can be plotted against the number of the carbon atoms in alkyl chains n, and their linear relationship with the following equation can be found (Fig. 4) .
The slope in the equation corresponds to an increment in the interlayer distance per one carbon atom ("d/"n). Since the increment per one carbon atom in all-trans ordered n-alkyl chains is known to be 0.127 nm, 14) the slope indicates a bilayer arrangement. The tilt angle of the interlayer n-alkylammonium ions ¡ can thus be calculated by the following calculation, based on the assumption that the alkyl chain conformation is all-trans-type:
The tilt angle ¡ is estimated to be ³48°. Interlayer environments of LSQCOOH_C n N are shown in Fig. 5 . The d intercept in Fig. 4 at n = 0 roughly corresponds to the thickness of host layer and NH 3 + head group. Its value of 0.80 nm is, however, much smaller than the interlayer distance of LSQCOOH (1.35 nm). A possible explanation is the orientation change of (CH 2 ) 3 COOH groups [(CH 2 ) 3 COO ¹ in LSQ COOH_C n N] upon intercalation of n-C n H 2n+1 NH 2 , but further analyses are required for clarifying the environment of the host layer in LSQCOOH_C n N.
Secondly, intercalation reactions between LSQCOOH and NH 2 (CH 2 ) n NH 2 were investigated. The interlayer distance increased from 1.35 to 1.59 nm (LSQCOOH_C 4 N 2 ), 1.58 nm (LSQCOOH_C 8 N 2 ) and 1.92 nm (LSQCOOH_C 12 N 2 ), as shown by the X-ray powder diffraction patterns in Fig. 6 . It is clear that no straightforward interpretation of the variation in the interlayer distance is possible.
The IR spectrum of the product of the reactions between LSQ COOH and NH 2 C 4 H 8 NH 2 (LSQCOOH_C 4 N 2 ) showed absorption bands attributable to both¯(NH 2 ) at 3331 cm ¹1 and ¤(NH 3 + ) at 1641 cm ¹1 (Fig. 7) . On the other hand, in the IR spectra of the products of the reactions involving NH 2 . Thus, the guest species formed a bilayer conformation in the interlayer space. On the other hand, the N) ]. Since no absorption bands attributable tō (NH 2 ) were observed in the IR spectra of LSQCOOH_C 8 N 2 and LSQCOOH_C 12 N 2 , both of the two terminal NH 2 groups of NH 2 (CH 2 ) n NH 2 (n = 8, 12) were protonated by acid-base reactions with the COOH groups in LSQCOOH. Thus, the likely conformation of guest species is monolayer, with both terminal NH 2 groups converted into NH 3 + groups. Interlayer environments of LSQCOOH_C n N 2 are shown in Fig. 5 .
In summary, intercalation reactions of n-alkylamines and alkylene diamines in the interlayer space of the carboxylfunctionalized lamellar-type silsesquioxanes LSQCOOH have been achieved. The intercalation of n-C n H 2n+1 NH 2 (n = 4, 8, 12) proceeded via an acid-base mechanism, and the conformation of the guest species was bilayer with a tilt angle of ³48°. The intercalation of NH 2 (CH 2 ) n NH 2 (n = 4, 8, 12) proceeded via an acidbase mechanism, and the conformations of the guest species were of the bilayer type for intercalation of NH 2 
